complexes have been extensively studied, and their structures and cytotoxicity profiles have been the subject of a number of reviews. [1] [2] [3] [4] [5] [6] Copper is an essential trace element and participates in a wide variety of catalytic functions in the body. Its homeostasis is guaranteed by different active transporters and chaperones. Copper complexes are being discussed in connection with developing treatments against a range of diseases, including neurodegenerative diseases, Alzheimer's and Parkinson's disease, as well as cancers. 7 Most of the compounds studied for anti-cancer activity are based on copper(II), and its cytotoxic activity is thought to be possibly related to its redox behaviour and generation of reactive oxygen species (ROS), to mitochondrial toxicity, to binding to intracellular thiols and interference in respiratory processes, as well as DNA cleavage and activation of apoptotic pathways in cancer cells. [8] [9] [10] [11] Carbene complexes of silver-too, have become attractive for their cytotoxic activity, which in some cases exceeds that of gold analogues. [12] [13] [14] [15] [16] The ligands used in these compounds are N-heterocyclic carbenes (NHCs) based on the imidazole framework and may be mono-or bi-dentate. NHC complexes generally fall into two categories: (i) mono-carbene adducts of metals salts that also carry a labile ligand X, such as in (NHC)MX, usually X = halide, where the X ligand can be expected to be readily substituted under physiological conditions and is susceptible to substitution by intracellular thiols; (ii) ionic bis-carbene
complexes [M(NHC) 2 ]
+ X -, which may be redox active but can only bind to thiols after carbene dissociation. In any case, silver NHC complexes are known for their lability and have long been used as NHC transfer reagents for the synthesis of NHC complexes of other metals. 17, 18 This implies that the structural integrity of (NHC)Ag compounds under physiological conditions cannot be taken for granted, so that establishing quantitative structure-activity relationships may not be straightforward.
In the present study we have chosen cyclic (alkyl)(amino)carbene (CAAC) ligands [19] [20] [21] coordinated to coinage metals to investigate the potential of these complexes as antiproliferative agents. CAAC ligands have the advantage over NHCs that they bind significantly more strongly and are not prone to dissociation. 22 For example, CAAC ligands have been found capable of forming stable complexes even with zero-valent gold and copper. 23 For these reasons CAAC silver complexes are rather poor carbene transfer agents; Bu) with pyrrolidine in dichloromethane at room temperature in the dark gave compounds 9a and 9b as white powders. Similarly, the reaction of sarcosine hydrochloride in acetonitrile in the presence of potassium carbonate afforded the amino acid derivatives 10a and 10b as orange to purple powders in good yields.
The chloride ligands in 9 and 10 can be readily be substituted by PTA, chosen because of its water solubility, to give the ionic complexes 11a,b and 12a,b, respectively (Scheme 1). The structures of 11a and 11b were confirmed by X-ray crystallography (vide infra). In solution The reaction of ( Ad CAAC)AuCl with xylyl isocyanide and silver hexafluoroantimonate in dichloromethane under anhydrous conditions afforded the isocyanide complex 13a, which reacted with pyrrollidine in acetonitrile gave the mixed-carbene complex 14a as a white powder in 76% yield. Au-C (ca. 2.00 Å) and Au-Cl (ca. 2.29 Å) bond lengths deviate within the error of the experiment for the complexes 9a, 10a and 10b while being almost equidistant with other (ACC)AuCl reported in the literature. 28 The Au-C bond length for complex 11a is elongated by 0.06 Å compared to complexes 9-10 due to moderate structural trans-influence of the phosphine (PTA) ligand vs. chloride anion, in accordance with the general trend. 29 The mixed-carbene complex 14a shows that the Au-C CAAC bond length is slightly shorter than 117.27 (17) . 11a: Au1-C1 2.065(3), Au1-P1 2.2725(7), C1-N1 1.339(3), C1-N2 1.308(4); C1-Au1-P1 178.38 (8) , N1-C1-N2 118.6(2). 4 ]. In this solvent the reduction process shows quasi-reversible character but at a significantly lower potential, with E 1/2 at -1.62 V (Figure 3 ). This indicates the feasibility of chemical reduction of the silver complex 4. Its oxidation behaviour is very similar to the copper and gold analogues and at all scan rates shows one irreversible process without a back-peak, regardless of the solvent or supporting electrolyte. metal chloride complexes (see Table 1 ). The quasi-reversibility of the reduction peak is witnessed by the negligible shift of 10 mV in the peak position E p on increasing the scan rate and the peak-to-peak separation ∆E p of 66-94 mV (at 100 mV/s), which is close to the ideal value of 59 mV for a one-electron reversible couple. Both silver (7) and gold (8) Figure 4 ). The reversibility of the reduction process for silver (7) and gold (8) complexes is markedly different from the copper analogue [( Me2 CAAC) 2 Cu]I (6), which shows quasi-reversible reduction only at high scan rates (0.5 to 2 Vs -1 ). By contrast, at all scan rates the heteroleptic bis-carbene gold complex 14a showed irreversible reduction (Figure 4 ), which was shifted cathodically by 220 mV compared to the homoleptic gold complex 8.
Unlike the bis-carbene copper complex 6, the irreversible oxidation of silver (7) and gold complexes 8 and 14a is observed at high anodic potential as expected (1.33 V for silver and over 1.63 V for gold complexes) ( Table 1 ). The oxidation potential for 8 was completely masked by solvent discharge (THF or MeCN), while silver (7) and the heteroleptic gold complex 14a showed only partial overlap ( Figure 4 Table 2) . cells which are particularly difficult to treat with cisplatin.
Varying the substituents on the CAAC ligand in the copper series leads to only small differences in activity against HL 60 and MCF-7 cell lines, while against A549 cells a dramatic substituent dependence of the cytotoxic properties was observed (IC 50 = 17.4 ± 0.8;
0.53 ± 0.06 and 2.0 ± 0.5 µM for 1, 2 and 3 respectively), indicating that Et2 CAAC complexes are the most toxic of this series.
The acyclic carbene complexes 9 -12 and 14a were screened against lung (A549) and breast (MCF-7) cancer cells at concentrations of 10 and 100 µM. The cell viability was measured after 72 hours of incubation using the standard MTS assay (see experimental part).
The results are reported in Figure 5 . None of the PTA complexes 11 -12 showed any cell growth inhibition against the lung cancer cells at both tested concentrations (A549, Fig. 5A ). In the chloro series 9 -10, compounds 9a, 9b and 10b demonstrated a strong antiproliferative effect at 100 µM (cell viability of 4.2 ± 1.9, 3.8 ± 2.0 and 15.8 7.3 % respectively), while compound 10a bearing an ACC ligand with 2,6-Me 2 C 6 H 3 and sarcosine substituents appeared completely inactive at both tested concentrations. None of the chloro and PTA complexes 9 -12 showed any proliferative activity against MCF-7 at the lower concentration of 10 µM (Fig. 5B) .
Moreover, while complexes 9a, 9b, 10b, 11a, 11b and 12b completely inhibited cell growth at the higher concentration of 100 µM, the two complexes presenting the ACC ligand with the xylyl/sarcosine combination, 10a and 12a, appeared to have a reduced activity even at that high concentration (cell viability of 20.2 ± 7.7 and 71 ± 24 % for 10a and 12a respectively). Combined with the data against A549 cells, this suggests a deleterious effect of that particular substituent combination on the antiproliferative properties of these compounds. Table 3 . Although none of the copper containing compounds (1 -3 and 6) showed any strong inhibitory effects on TrxR up to a concentration of 10 µM (less than 50% inhibition), we could notice a trend between the bulkiness of the CAAC ligand and the inhibitory activity of the corresponding Cu-Cl complexes. Indeed, the adamantyl complex 1 was much less potent than the ethyl and methyl complexes 2 and 3. Moreover, for the same substituent (methyl) the coordinatively saturated bis-CAAC complex 6 was a much weaker TrxR inhibitor than its values derived from cell growth inhibition. This leads to the conclusion that TrxR inhibition is most probably not the main mode of action of the CAAC class of compounds.
Mechanistic investigations: enhancement of ROS formation. Reactive oxygen species (ROS) are naturally produced by mitochondria and are involved in different intracellular
processes. However, their production, location and quantity is tightly controlled. ROS overproduction can induce cellular stress leading to cell death. 38 We measured the intracellular ROS amount of A549 cells after incubation with the most toxic complexes 1 -8
and 14a for 24 hours (Figure 6 ). 3 and internally to C 6 F 6 (δ F -164.9). IR spectra were recorded using a Perkin-Elmer Spectrum One FT-IR spectrometer equipped with a diamond ATR attachment.
Electrochemical experiments were performed using an Autolab PGSTAT 302N computercontrolled potentiostat. Cyclic voltammetry (CV) was performed using a three-electrode configuration consisting of either a glassy carbon macrodisk working electrode (GCE) (diameter of 3 mm; BASi, Indiana, USA) combined with a Pt wire counter electrode (99.99 %; GoodFellow, Cambridge, UK) and an Ag wire pseudoreference electrode (99.99 %;
GoodFellow, Cambridge, UK). The GCE was polished between experiments using alumina slurry (0.3 µm), rinsed in distilled water and subjected to brief sonication to remove any adhering alumina microparticles. The metal electrodes were then dried in an oven at 100 °C to remove residual traces of water, the GCE was left to air dry and residual traces of water were removed under vacuum. The Ag wire pseudoreference electrodes were calibrated to the ferrocene/ferrocenium couple in MeCN at the end of each run to allow for any drift in potential, following IUPAC recommendations. 39 All electrochemical measurements were performed at ambient temperatures under an inert Ar atmosphere in MeCN containing complex under study (0.14 mM) and supporting electrolyte [ Xylylisocyanide gold chloride (50 mg, 0.18 mmol, 1 eq.) was dissolved in dichloromethane.
Pyrrolidine (49 mg, 0.90 mmol, 5 eq.) was added to this solution. The mixture was left overnight at room temperature in the dark, filtered through celite and then washed with saturated aqueous ammonium chloride solution. The clear solution was dried with sodium sulphate for 1h, filtered and the volatiles were removed under vacuum. The product was precipitated with a dichloromethane/hexane mixture to form a white powder which was dried under vacuum (47 mg, 0.14 mmol, 79%). Anal. Calcd for C 13 The principal crystallographic data and refinement parameters are listed in Table 4 . The structures were solved by direct methods and refined by the full-matrix least-squares against F 2 in an anisotropic (for non-hydrogen atoms) approximation. All hydrogen atom positions were refined in isotropic approximation in "riding" model with the U iso (H) parameters equal to 1.2 U eq (C i ), for methyl groups equal to 1.5 U eq (C ii ), where U(C i ) and U(C ii ) are respectively the equivalent thermal parameters of the carbon atoms to which the corresponding H atoms are bonded. All calculations were performed using the SHELXTL software. 
